Abstract-A frequency synchronization method is proposed and analyzed for global satellite communications systems employing low earth orbit satellites or medium earth orbit satellites. In these systems, the Doppler shift varies randomly and can be more than ten times larger than the symbol rate. The proposed method uses the satellite as the reference point and corrects frequency errors accordingly. It is shown the proposed method can achieve negligibly small frequency errors. By employing this method, the system bandwidth can be fully utilized and guard bands are no longer needed.
II. FREQUENCY ERROR ANALYSIS
In this section, we consider the frequency errors in communications systems employing fast moving satellites. These errors include the Doppler shift and the satellite translation error. The Doppler shift dominates the total error in the received carrier frequency.
Let the transmitted signal be (1) where is the baseband signal and is the carrier frequency. The received signal can be written as (2) where is noise, and
is the received carrier frequency, is the relative speed between the transmitter and the receiver, is the angle between the relative velocity and the signal propagation direction, and is the light speed. The second term in (3) is the Doppler shift. Let , which is called the fractional Doppler shift hereafter.
Consider the Doppler frequency in the forward link. Let be the transmitted carrier frequency from the satellite access node located on the ground for the th user terminal inside the th spot beam. It is also a variable of time because even during the same call this carrier frequency can change from time slot to time slot to have frequency diversity for service quality purposes. Let be the fractional Doppler of the link between the satellite access node and the satellite. This link is called the feeder link. The received carrier frequency at the satellite is (4) Since the feeder link and the mobile link use different frequency bands, the carrier frequency has to be translated from the frequency band for the forward feeder link to the frequency band for the forward mobile link. The mobile link is between the satellite and the user terminal. Let be the fractional satellite translation error and be the satellite translation frequency. The transmitted carrier frequency by the satellite for the mobile link is (5) 0090-6778/03$17.00 © 2003 IEEE Let be the fractional Doppler of the mobile link for the th user in the th spot beam. The received carrier frequency by this user terminal can be written as (6) where (7) is the total frequency error caused by both Doppler shift and satellite translation error for the forward link at the user terminal and is usually negligible.
The first term in the right-hand side of (7) is called the forward feeder link Doppler shift. Usually it is a continuous random variable in the range of several dozens of kilohertz. The second term in the right side of (7) is called the satellite translation error. The translation frequency is several gigahertz and the the fractional satellite translation error is a random variable. The satellite translation error is a random variable uniformly distributed in a range of several dozens of hertz. The third term is called the forward mobile link Doppler shift. It is a random variable distributed in the range of several dozens of kilohertz. Therefore, the total frequency error in (7) is a continuous random variable in a range of several dozens of kilohertz. For example, in a satellite PCS system [1] , the satellite orbits are circles at 10 355 km altitude, which gives a maximum fractional Doppler shift of . The forward feeder link uses 5 GHz as the center carrier frequency and the mobile link employs 2 GHz as the center carrier frequency. The forward feeder link Doppler shift is a random variable in the range kHz and the forward mobile link Doppler shift is a random variable in the range kHz. The satellite translation error is a random variable uniformly distributed in Hz. The total frequency error in the forward link is a random variable in the range kHz, which is larger than its 25.2-kHz carrier bandwidth for each user terminal. In the Globalstar system, the Doppler shift can be 104 kHz [3] , which is 43 times higher than the bit rate of user terminals. If not corrected properly, the frequency error can easily cause failure of carrier frequency synchronization.
Consider the Doppler shift in the return link, which is from user terminal to satellite access node. Let be the transmitted carrier frequency by the th user terminal in the th spot beam. The received carrier frequency by the satellite is (8)
Let
be the satellite translation frequency from the mobile link to the feeder link. The transmitted carrier frequency by the satellite is (9) The received carrier frequency by the radio frequency terminal is which can be written as (10) where (11) is the total frequency error for the return link and is negligible. The first term in the right-hand side of (11) 
III. FREQUENCY SYNCHRONIZATION FOR CONTROL CHANNELS
Control channels are employed to carry system information for system control and synchronization purposes. The information includes the system time, the access frequency and the median Doppler shift for each spot beam, etc. Control channels are in the forward link and can have very large value of the random Doppler shift, which must be precorrected to make sure user terminals can achieve frequency synchronization with control channels. For each spot beam, the median Doppler shift line is defined as a curve on the Earth's surface [5] , where the Doppler shift has the median value within the spot beam. The Doppler shift and the satellite translation error for each control channel has to be precorrected such that the received carrier frequency on the median Doppler shift line is the preassigned nominal frequency.
Let be the control channel nominal frequency for the th spot beam and be the carrier frequency transmitted by the radio frequency terminal. Applying (6), we have (12) where (13) is the total frequency correction at the satellite access node and is the fractional Doppler shift on the median Doppler shift line for the th spot beam. The term is negligible. In other words, when the transmitted frequency at the satellite access node is (12), the received frequency on the median Doppler shift line is . The first term in the right-hand side of (13) is the forward feeder link Doppler shift correction, which can be partitioned into (14) where is the center carrier frequency for the forward feeder link. In (14) the first term in the right hand side is called the center Doppler shift correction and the second term is called the residual Doppler shift correction, both for the forward feeder link. The center Doppler shift correction can be performed by the radio frequency terminal once for all of the channels in the forward link. The residual Doppler shift correction, which is usually several dozens of hertz, varies from channel to channel and should be corrected by the satellite base station subsystem [5] . The second term in the right hand side of (13) is the Doppler shift correction for the forward mobile link, which varies from spot beam to spot beam and should be performed by the satellite base station subsystem. The third term in the right-hand side of (13) is the satellite translation error, which also should be corrected by the satellite base station subsystem. In other words, the total frequency correction (13) at the satellite access node can be written as (15) where (16) is the center Doppler shift correction for the forward feeder link performed by the radio frequency terminal [5] and (17) is the correction performed by the satellite base station subsystem for each channel.
The fractional Doppler shift of the feeder link and the fractional satellite translation error, which are both time varying, can be measured by two pilot loops in the feeder link operated by the radio frequency terminal [5] . Let be the transmitted frequency of the radio frequency terminal and be the corresponding satellite translation frequency, . Then, the received frequency by the radio frequency terminal from the loop back is (18) The received carrier frequency can be estimated using maximum likelihood estimator [7] . Let , , be the estimated frequency, and . The instantaneous fractional Doppler shift can be estimated as (19) and the fractional satellite translation error can be estimated as (20) It can be shown the estimation errors and have zero mean, i.e., (21) and (22) The variance of the estimation error is (23) where is the variance of , . The variance of the estimation error is
Minimizing and is sufficient to minimize and . This can be achieved by converting received signals to baseband and then measuring the carrier frequency. Applying the maximum-likelihood estimator in [7] , we have (25) where , is the signal-to-noise power ratio and is the number of samples used. Therefore, the variance of the estimated instantaneous fractional Doppler shift is (26) The variance of the estimated fractional satellite translation error is
The variance is minimized if is minimized. System designer can focus on minimizing .It is critical to make and small enough so that their effect to all channels is negligible.
IV. MEASURING USER TERMINAL FRACTIONAL DOPPLER SHIFT
Assume that the th user terminal in the th spot beam wants to establish a communication link. This user terminal starts to search in a set of prestored frequencies for control channels. These frequencies are remembered in the memory of each user terminal. For each spot beam there is at least one control channel carrying system time and access frequency for the access channel. As discussed in the previous section, the received carrier frequency on the median Doppler line of each spot beam is the nominal frequency. User terminals located off the median Doppler line still experience Doppler shift when trying to synchronize to the control channel. Usually the maximum Doppler shift difference from the edge to the median Doppler line in the same spot beam is a few kilohertz. Then, it is not difficult for a user terminal to be synchronized to the control channel.
After demodulating the control channel signal, the user terminal knows the access frequency assigned as the access channel to the spot beam. The user terminal sends an access request to the satellite access node via the access channel. The satellite access node has to detect the access request burst in the presence of Doppler shift. The satellite access node has to measure the Doppler shift in the access request signal in real time. The measured Doppler shift is used to demodulate the access request and derive the user terminal fractional Doppler shift . The fractional Doppler shift is used for user terminal position determination [3] and traffic channel frequency synchronization [5] , [6] .
We propose that the Doppler shift of the access channel on the median Doppler line for each spot beam is calculated in real time by satellite access node and transmitted to user terminals along with the access frequency . In other words, the pair is sent to user terminals through the control channel, where is the corresponding Doppler shift in the access channel, which is (28) where is the fractional Doppler shift for the median Doppler shift line in the th spot beam and can be calculated using the knowledge of the satellite orbit [3] . The user terminal sends access request at the carrier frequency . The received carrier frequency by the satellite access node for the access channel is (29)
For the return feeder link, the radio frequency terminal performs center Doppler correction by adding the following amount to the received carrier frequency [5] (30) where is the center frequency for the return feeder link. Also the radio frequency terminal performs down-conversion. Let the down-conversion frequency at the radio frequency terminal be . Then the input carrier frequency to the satellite base station subsystem is (31) Before demodulation, the satellite base station subsystem performs the return feeder link Doppler correction, satellite translation error correction and downconversion by deducting from the carrier frequency the following amount (32) which is the received carrier frequency for the access channel if the user terminal is on the median Doppler line. At the input of the modem inside the satellite base station subsystem, the frequency offset of the access channel will be , i.e.
Usually is around 1 kHz. The modem detects the access request signal [4] , estimates the frequency offset [7] and compensates it before demodulation [5] .
Let be the estimate of the frequency offset for the access channel. It is used to derive the fractional Doppler of the user terminal by applying (34) where is the fractional Doppler shift for the median Doppler shift line of the th spot beam and is the measured fractional Doppler shift for the feeder link. The value can be calculated according to the satellite orbit [3] and is obtained in the previous section. The value is employed for traffic channel frequency synchronization [5] , [6] and position determination [3] .
Let . Usually is about 1 kHz. Using the proposed method, the range of the random Doppler shift for access channels at both the satellite and the satellite access node is , which is much smaller than that in the traditional systems. In [7] , it was shown that the Cramer-Rao bound of the unbiased frequency estimator for a complex tone is (35) where is the sampling frequency, is the signal-to-noise power ratio and is the number of samples. In traditional systems where user terminals sends access request at the nominal carrier frequency , the sampling frequency has to satisfy [7] . For a system where user terminals transmit access request at the frequency , the sampling frequency has to be not less than . It can be shown that the variance of the frequency estimator is
It satisfies
where is the maximum Doppler shift in the access channel in traditional systems and is the variance of the corresponding frequency estimator. Since , the variance of the frequency estimator in the system employing the proposed method is much smaller than that in the traditional system. For example, for a global satellite communications system [1] , where kHz and kHz. Therefore, the proposed method significantly improves the performance of the Doppler shift measurement for access channels. It helps dramatically to improve the overall system performance, including demodulation performance and user terminal position determination. It also helps to improve frequency synchronization for traffic channels. Because the maximum Doppler shift observed at the satellite access node is very small compared with the bandwidth of each channel, the adjacent channel interference caused by Doppler shift is very small and does not cause loss of access request. Fig. 1 plots the standard deviation obtained in (36). It can be seen that the standard deviation of the estimate of the access channel Doppler shift is less than 1.4 Hz when the access request signal length symbols and the signal-to-noise power ratio is not less than 5 dB.
V. FREQUENCY SYNCHRONIZATION FOR TRAFFIC CHANNELS
After the satellite access node successfully receives the access request from the user terminal, the satellite access node allocates carrier frequencies to the user terminal to transmit and receive, which are called the traffic channels. These frequencies are carried to the user terminal through the control channel. Once the user terminal receives these frequencies, it starts to transmit and receive. However, frequency errors including Doppler shift and satellite translation error have to be carefully taken care for traffic channels to maintain acceptable demodulation performance. As shown in Section II, Doppler shift dominates the total frequency error. The best reference point of Doppler shift correction is the satellite for traffic channels and access channels. Doppler shift can be corrected in such a way that the received carrier frequency at the satellite is always the nominal frequency. By doing this, there is no need to employ guard bands and the demodulation performances will not be degraded both on board the satellite and at the user terminal and the satellite access node. This is desirable by the new generation of satellite communications systems, which aims at better utilization of system bandwidth and to have demodulation on board satellites.
Using the satellite as the reference point, the feeder link residual Doppler shift and the satellite translation error can be corrected by the satellite base station subsystem; the feeder link center Doppler shift can be corrected by the radio frequency terminal; and the mobile link Doppler shift can be compensated by the user terminal guided by the satellite access node. For traffic channels, the satellite access node needs to send two pairs of frequencies. The first pair is , where is the nominal carrier frequency for the user terminal to transmit and (38) is the corresponding correction for Doppler shift, and is the fractional Doppler shift of the user terminal measured from its access request signal. The second pair is for the user terminal to receive, where
is the Doppler shift correction.
A. Return Link
For the traffic channel in the return link, the user terminal transmits at the frequency , i.e.,
The received carrier frequency at the satellite is the nominal frequency when there is no estimation error for . The received carrier frequency at the radio frequency terminal is (41) where is the satellite translation frequency. The frequency can be written as (42) where the third term on the right side is the residual Doppler shift of the mobile link, the fourth term is the satellite translation error, the fifth term is the feeder link Doppler shift and . In the received carrier frequency at the radio frequency terminal, the Doppler shift of a large range in the mobile link is reduced to the residual Doppler shift of a much smaller range, i.e.,
. The distance between the received carrier frequencies for any two adjacent channels satisfies (43) where is the carrier bandwidth and is usually less than 0.2 Hz. The order of magnitude of the second term on the right-hand side of (43) is less than that of the standard deviation of the mobile link Doppler shift estimated from the access channel. The latter is at most few Hertz. Therefore, the overlap between any two adjacent channels is less than a few Hertz in the worst case and no guard band is needed.
For each channel, the radio frequency terminal performs center Doppler shift correction and the satellite base station subsystem performs the correction for both the residual Doppler shift in the feeder link and the satellite translation error. All the information contained in (42) is known to the satellite base station subsystem prior to processing the traffic channel signal. The satellite base station subsystem can perform corrections for the residual Doppler shift in the feeder link and the satellite translation error. The input signal to the demodulator located in the satellite base station subsystem can be written as (44) where is the baseband signal, is noise and (45) is the residual frequency error. The residual frequency error has zero mean. Its variance satisfies (46) where is the variance of the estimated fractional satellite translation error, is the variance of the estimated fractional Doppler shift in feeder link, and is the variance of the estimated mobile link Doppler shift, and . Variances on the right-hand side of (46) are given in (27), (26) and (36).
B. Forward Link
For the traffic channel in the forward link, the satellite access node transmits at the carrier frequency (47) The distance between the carrier frequencies for any two adjacent channels is , where is the carrier bandwidth for each channel and is usually less than 0.2 Hz. Therefore, the Doppler shift no longer causes interference between adjacent channels, and guard bands are not needed.
After the translation from the feeder link to the mobile link, the carrier frequency transmitted by the satellite to the user terminal is (48)
The received carrier frequency at the user terminal is (49) which can be written as (50) where on the right-hand side, the first term is the nominal forward mobile link carrier frequency, the second term is the mobile link Doppler shift, the third term is the residual Doppler shift in the feeder link, the fourth term is the residual translation error, and . The received signal at the user terminal can be written as (51) where is the baseband signal and is noise. As the user terminal has received the Doppler shift correction through the control channel, , the user terminal can perform Doppler shift correction by adding to the received carrier frequency in the downconversion process. After down-conversion, the input signal to the demodulator can be written as (52) where (53) is the frequency error. It has zero mean. Its variance satisfies (54) where is given in (27), is given in (26), is given in (36), and .
VI. APPLICATION
Results obtained in this letter have been applied to a real global satellite communications system using intermediate orbit satellites and FDMA/TDMA [1] . This system was designed for voice and PCS applications. The parameters used in the following is given in [1] .
The system has an 6-h (54), it is shown to minimize the variance of the frequency error at receivers for traffic channels, the variance must be minimized for the estimated Doppler shift in access channel, the estimated fractional satellite translation error and the fractional feeder link Doppler. Let the two pilot tones used in Section III to estimate the fractional Doppler shift of the feeder link and the fractional satellite translation error be separated by 30 MHz, i.e., MHz, which is the system bandwidth [1] . The sampling frequency in (26) and (27) is kHz. Fig. 2 plots the standard deviation of the estimated fractional translation error in (26) versus the signal length in symbols used for estimation. Fig. 3 plots the standard deviation of the estimate fractional Doppler shift in (27) versus the signal length used. When symbols are used and , and . One has Hz, Hz, Hz and Hz. In Fig. 1 , it is shown that Hz, assuming the access channel has SNR not less than 5 dB and 100 symbols are used to estimate the user terminal Doppler shift. The standard deviation of the return link traffic channel frequency error satisfies Hz, when received at the radio frequency terminal. The standard deviation of the forward link traffic channel frequency error satisfies Hz after Doppler shift correction at the user terminal. Both and is less than 0.1% of the 25.2 KHz carrier bandwidth. Therefore, the standard deviation of traffic channel frequency error is negligibly small.
One can conclude that it is critical to have a reasonably high SNR and enough many symbols to estimate the fractional Doppler shift in the feeder link and the fractional satellite translation error, as discussed in Section III. As two pilot tones are dedicated to these estimations, using a few thousand symbols for estimation is implemented in the example system. In traditional systems, traffic channel frequency errors are high and frequency estimator has to be implemented in each user terminal. When the proposed method is employed, and become negligibly small and frequency estimator is no longer needed in user terminal. This can bring obvious cost reduction to user terminal.
VII. CONCLUSIONS
A low complexity frequency synchronization method is proposed and analyzed for global satellite communications systems employing nongeostationary satellites. This method significantly reduces the variance of the Doppler shift estimate for access channels. It helps to greatly improve performance of access request signal detection, position determination and demodulation. For traffic channels, it can achieve negligibly small frequency errors. When the proposed method is employed, no guardband is needed and the system bandwidth can be fully used to 100% for FDMA/TDMA based systems.
